Antireflection (AR) coatings prepared from colloidal suspensions of silica have a large surface area because of their porosity. The surface is quite poiar and readily absorbs vapor contamination to the detriment of the optical performance and the laser damage threshold. This effect is particularly bad in "dirty" vacuum systems, such as target chambers. The polar surface is due to residual Si-OH and Si-ethoxyl groups formed as a result of the method of preparation of the coating suspension. We have now found that these groups can be removed by further treatment of the coating after preparation. This involves two steps, the first being exposure to ammonia and water vapor, which hydrolyses the ethoxyl groups to hydroxyl groups with the formation of more Si-OH groups. Some of these react further by self condensation to Si-O-Si linkages. The remaining Si-OH groups are removed in the second step by reaction with hexamethyl-disilazane (HMDS), which converts them to trimethylsilyl groups. The latter are completely nonpolar and substantially eliminate vapor absorption. We have carried out a series of tests involving exposure of treated and untreated coatings to various types of vapor contamination and followed the degree of contamination by the reduction in optical transmission. In all cases, the treated coatings showed a significant reduction in transmission loss. These tests also provide guidance as to which materials are acceptable for use in the National Ignition Facility (NW).
INTRODUCTION
Quarterwave porous silica AR coatings prepared by a sol-gel process have been used on the transmissive components of high-powered fusion lasers for many years. These include the two most powerful machines now in operation: the 10-beam Nova at LLNL in Livermore, CA, and the 60-beam OMEGA at the Laboratory for Laser Energetics (LLE) in Rochester, NY. While the optical performance of these coatings is no better than coatings prepared by other methods, their laser damage threshold is 2 -3 times higher.' This is thought to be due to the extremely high purity obtainable from distilling the starting materials. Damage to optical components has always been the limiting factor to power output in these types of lasers, and sol-gel coatings have made a significant contribution in the development.
The coatings consist of a layer of porous near-spherical silica particles, 10 -40 nm in diameter, randomly stacked on the substrate surface. The inter-particle voids and the interior porosity of the particles cause a refractive index of about 1.22. This is close to the square root of the indices of many common optical substrates (1 .46 -1.52), and therefore, near 100% transmission can be obtained. This also means that the coating has a high surface area and is therefore susceptible to contamination by absorption of vapors from the environment. Contamination has a double effect on the optical efficiency of a quarterwave coating. Our coatings must have a specific optical thickness and refractive index to perform at a particular wavelength. The optical thickness is related to the physical thickness by the following relationship:
Optical thickness = physical thickness x refractive index Assuming that any contaminant displaces air in the pores of the coating, the immediate effect is to increase the refractive index thereby increasing the optical thickness. The ultimate effect is an increase in reflection and a shift in the wavelength of minimum reflection towards a longer wavelength. The extent of contamination can readily be determined by measuring the transmission of a sample before and after exposure. Contamination decreases laser efficiency by both reflectance and absorption and can also decrease the laser damage threshold via absorption.
Contamination can cause damage to optical components by both direct and indirect mechanisms. Direct energy absorption by the contaminant can cause damage by the resultant high temperature and shock wave. Indirect damage occurs by enhanced reflectance focusing either directly on another optic or on a laser vessel wall, thereby causing additional ablative contamination and subsequent damage. Contamination-related damage has occurred on Nova,2 OMEGA,3 and Beamlet. 4 Guch and Hovis5 and Hovis et al.6 also discuss organic contamination damage in lasers.
While contamination has caused increased maintenance and some minor damage on current lasers, the problem can be more serious for future lasers designed to operate at 3 -4x higher fluence in order to increase efficiency. This is especially true for the NIP laser, which has more motors, slides and mechanisms near optics than previous lasers. Therefore, contamination effects could become quite serious without improved technology.
For fused silica optics, efforts to overcome this problem are limited solely to surface modification with little or no decrease in porosity. Any decrease would increase the refractive index, thereby reducing optical efficiency. Only a small increase in index would be tolerable for higher refractive index substrates.
EXPERIMENTAL TECHNIQUES

Preparation of coating suspension
The coating suspension was prepared by the base catalysed hydrolysis of tetraethylsilicate in ethanol as previously described. A typical preparation was carried out as follows:
Tetraethylsilicate (52 g) was mixed with anhydrous ethanol (433.2 g), and concentrated aqueous ammonium hydroxide solution (14.8 g containing 30% NH3) was then added. The solution was allowed to stand at room temperature for a minimum of three days. The product was then ready for use and consisted of a colloidal suspension of silica in ethanol containing 3% Si02 by weight.
Coating procedure
Coatings were prepared on both sides of a 5-cm-diam fused silica substrate approximately 1-cm thick by spin or dip coating. Spin speed and dip withdrawal rates were chosen to give a thickness having maximum transmission at 500-600 nm. Untreated samples were ready for use immediately after coating.
Ammonia-water vapor treatment
Samples after spin coating were placed in a desiccator containing a small beaker of concentrated ammonium hydroxide solution for a period of 24 h. Care was taken to ensure that the coated surfaces were never in contact with the ammonia solution.
HMDS treatment
After ammonia-water vapor treatment, samples were transferred to another desiccator containing a small beaker of hexamethyldisilazane (HMDS) for another 24 h.
Contamination tests
Optics and materials to be tested were heated in a closed container in an oven at 110 degrees for 20-24 h. The transmission spectrum was measured before and after this treatment. These tests ordinarily used AR coating thicknesses optimized for 526-nm transmittance.
RESULTS
Properties of conventional sol-gel coatings
The process for the preparation of our standard colloidal silica AR coating suspension is shown in Fig. 1 . The final product has the following properties: 1) Particles are approximately spherical with a diameter of about 15-nm.
2)
The surface area of loose powder prepared by evaporation of a coating suspension is 500 -600 m2/g.
3)
The pore size varies from 2 -10 nm.
4)
A substrate coated for 355-nm light has about 40 times the area of its uncoated equivalent. For 1054-nm light, it is three times this value. 5) The external surface area of the silica particles is less than half the total, implying that the particles are quite porous.
Reagents
Coating suspension Coating
Si ( The reaction conditions are such that unreacted ethoxyl groups and hydroxyl groups from hydrolysis remain on the surface of the silica particles. The surface not only has a large area but is also quite polar, therefore having a tendency to absorb polar contaminants from the environment. Ordinary sol-gel AR coatings lose about 0. 1% transmittance per surface per month when placed in a clean room. One optic lost 2% transmittance when left in laboratory air for two years.
Sensitivity of conventional sol-gel coatings to organic vapors
A wide variety of materials have been tested for NIF optics compatibility by being heated to 110°C in a covered beaker with a conventional sol-coated witness optic. The heating increases the vapor pressure of the plasticizers and other potentially volatile components in the material to simulate long-term exposure at room temperature. The results are shown in Table 1 . Results are qualitatively consistent with that expected from NASA's collected volatile condensible matter (CVCM) database (http://misspiggy.gsfc.nasa.gov/ogi) where available. Transmittance loss also correlated roughly with organic outgassing as measured by thermal desorption-gas chromatography-mass spectrometry and in similar vacuum outgassing experiments with witness optics. Pre-baking offending materials at 200°C is usually effective at drastically reducing the optics contamination potential, but that is not always practical. However, it is not certain that laser damage correlates with organic contamination of optical coatings. Hovis et al.6 claim that outgassing CVCM is not a good predictor of damage in highpower lasers, although no substantiating data were presented. Full transmittance of the optic can usually be recovered by spray-washing with ethyl alcohol or methylene chloride. Analysis of the wash by gas chromatograph-mass spectrometry (GC-MS) usually found compounds logically found in the material, such as silicone oils in silicone materials and caprolactam in the nylon. Plasticizers, especially dioctyl phthalate, were ubiquitous. Fluorinated materials, such as the lubricants, Teflons, and vitons, usually performed the best as received.
There is a rough correlation between the amount of material recovered and the transmittance loss. This correlation is shown in Fig. 2 . The solid line represents a calculated transmittance loss using the standard multilayer equations7 and a refractive index calculated from a refractive index of the contaminated layer estimated by the assumption that the LorentzLorenz polarizations are additive. The calculations assumed 50% porosity for the solgel, which gives an initial refractive index of 1.21 to 1.22 over the visible range. Complete loss of AR properties is attained at estimated organic contaminations lower than calculated. This might be due to errors in the estimated CC-MS calibration, contaminants not making it through the GC column, optical absorption, some residual organic after extraction, or combinations of these and other factors. We collected a few data points in similar vacuum outgassing experiments containing witness optics indicating that the organic absorption problem is not limited to sot-gel coatings. Single-sided "hard" AR coatings lost on average only three times less transmittance than the double-sided sol-gel coatings.
Passivation of sol-gel coatings by ammonia and HMDS
Because it is not always possible for performance or cost reasons to select materials with negligible CVCM, or to bake them out prior to use, it is highly desirable to reduce the tendency of the sol-gel coatings to absorb organics. Because the absorption characteristics are probably related to both the microporosity and surface polarity of the silica, we would like to replace these polar groups with ones that are nonpolar. This can be accomplished in two steps.
The first step involves exposure of a coated surface to NH3 and H20 vapor at room temperature that results in hydrolysis of all the residual ethoxyl groups to hydroxyl groups and condensation of many of the hydroxyl groups to siloxane linkages. This is illustrated in Figs. 3 and 4 . Figure 4 also shows that some of the hydroxyl groups can link up to bind together adjacent silica particles, thereby increasing the abrasion resistance of the coating. This hardening effect was first reported by Floch and Belleville,8 and it has been adapted for use on the Phebus fusion laser in France. The second step involves exposure of the coating to vapors of HMDS, also at room temperature. This converts all the remaining hydroxyl groups to trimethylsiloxy groups, as is illustrated in Fig. 5 .All polar groups have now been eliminated from the surface, which is now completely covered in nonpolar trimethylsilyl groups. Our next step was to find out whether this treatment had any effect on the tendency of the coating to absorb vapor contamination. Figure 5 . Conversion of silicon-hydroxyl groups to silicon-trimethylsiloxy groups by reaction with HMDS.
Treated and untreated samples were evaluated by heating them in a closed container with dioctylphthalate at 1 10° C for 20 hours. Dioctylphthalate is used as a plasticizer for many organic polymers and is a common contaminant in most normal environments. Testing was carried out at an elevated temperature to increase the vapor pressure of the phthalate and thus accelerate the test. Transmission curves of samples before and after the test are shown in Fig. 6 . The untreated sample shows extensive contamination indicated by the transmission loss almost to that of a bare surface. Transmission loss for NH3/H20 and HMDS treated samples is very low, with the latter only showing marginal improvement over the former. These changes are qualitatively consistent with curves calculated from the standard multilayer equations,7 although no measurements of contamination levels were made that would allow a qualtitative comparison. Treated and untreated samples were exposed simiiarly in separate tests to silicone, butyl, and EPDM rubber samples. The untreated samples lost 1.2, 0.5, and 1.0% transmittance at 560 nm. The ammonia-hardened coating lost 0.2% transmittance for the silicone rubber, but all other changes were 0.1% or less. Another test explored the importance of contaminant polarity by exposing the three coating types to Fomblin oil vapor, a polyfluorinated polypropylene. The transmittances losses were 3, 1.5, and 0.5%, respectively, for conventional, ammonia-hardened, and HMDS-treated optics. These results show that hydrophobic materials can be absorbed on all three coating types, and while there is still a significant advantage to the treatments, it is less than for hydrocarbons and their functional derivatives.
Another test was carried out in which treated and untreated samples were left in the Nova target chamber out of the beam for a period of six days. The before and after transmission curves are shown in Fig 7. The effect is similar to the dioctylphthalate test, but to a lesser extent. The increased UV absorption of the untreated sample after exposure is particularly noticeable, and the expected red shift is well illustrated. Another series of tests were conducted to check the optics contamination propensity of mechanisms being considered for use in NW vacuum environments. In one of these tests, both an untreated and an ammonia-hardened optic were placed as witness optics in the vacuum chamber during a 100-hour test of a motor that had been baked at 110°C. The untreated optic lost 0.72% transmittance, and the ammonia-hardened optic lost 0.24% transmittance. The ratio of the losses is within the range observed for polar and nonpolar materials. As for the materials mentioned earlier, a 200°C bakeout is fairly effective for removing the offending compounds. principally plasticizers. A 110°C bakeout removes contaminants in the C-C20 range, which have vapor pressures of about I Ton at that temperature, but 200°C is required to remove the C3( contaminants, which have vapor pressures of about I Ton at the higher temperature. Of course, vacuum and time can achieve more effective removal at a lower temperature, but that parameter space was not mapped in detail.
CONCLUSIONS
We have developed a method for eliminating the surface polarity of sol-gel AR coatings. and this very much reduces the tendency for these coatings to absorb vapor contamination. The method involves initial treatment with ammonia and water vapor followed by treatment with hexamethyldisilazane vapor. In the first step. all residual ethoxyl groups are eliminated from the silica particle surface by hydrolysis and replaced with hydroxyl groups. This has the added advantage of linking particles together by formation of siloxane bonds, which increases the abrasion resistance. In the second step, all remaining hydroxyl groups are replaced by trimethylsiloxy groups. Both the internal and external surfaces of the silica particles are now covered by nonpolar methyl groups. The absorption of vapor contamination is very much reduced. This is shown in exposure tests at elevated temperatures in which treated samples showed much reduced loss in transmission efficiency. 
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